A 75,000-dalton protein complex purified from membranes of competent Bacillus subtilis cells was previously shown to be involved in both binding and entry of donor DNA during transformation. The complex, consisting of two polypeptides, a and b, in approximately equal amounts, showed strong DNA binding as well as nuclease activity (I. Smith, K. Wiersma, S. Bron, and G. Venema, J. Bacteriol. 156:101-108, 1983). In the present experiments, peptide mapping indicated that the two polypeptides are not related. Chromatography on benzoylated, naphthoylated DEAE-cellulose showed that polypeptide b generated single-stranded regions in double-stranded DNA. A considerable amount of the DNA was rendered acid soluble by polypeptide b. The nuclease activity of polypeptide b was reduced in the presence of polypeptide a. This resulted in an increased fraction of high-molecular-weight double-stranded DNA containing single-stranded regions. The acid-soluble tNA degradation products formed by polypeptide b consisted exclusively of oligonucleotides. In contrast to its nuclease activity, which was specifically directed toward double-stranded DNA, the DNA binding of the native 75,000-dalton complex to single-stranded DNA was at least as efficient as to double-stranded DNA.
which is also membrane located, was found to be required for DNA entry (9) . Single-stranded nicks ar,e introduced in donor DNA on binding to S. pneumoniae cells (8) . Evidence has been presented that the major endonuclease introduices breaks opposite the initial nicks. It has been suggested (7) that the resulting double-stranded cleavage initiates DNA entry. During entry, one strand of the donor DNA is degraded by the major endonuclease, whereas the complementary strand enters the cell.
Recently, we presented studies on the mechanism of DNA binding and entry during transformation in Bacillus subtilis. By isolating and characterizing mutants deficient in the initial stages of transformation, we have established that a 75,000-dalton protein complex is involved in both binding and entry. This protein complex, purified from membranes of comnpetent B. subtilis cells, consisted of two polypeptides, a (molecular weight, 18,000; isoelectric point, 5.0) and b (molecular weight, 17,000; isoelectric point, 4.7), in approximately equal amounts. Mutants which lacked polypeptide a (but not b) were DNA binding deficient (20) , whereas mutants which lacked polypejtide b were DNA entry deficient (14, 22) . The purified 75,000-dalton protein complex showed strong DNA binding as well as nuclease activity. The nuclease activity was dependent on the presence of divalent cations and was directed specifically toward double-stranded DNA (21) . Analysis of the separated polypeptides a and b revealed that for effective DNA binding, the interaction of * Corresponding author. both polypeptides in the native 75,000-dalton complex was required. The nuclease activity was restricted to polypeptide b (21) . Analysis of the nuclease subunit b on DNAcontaining polyacrylamide gels revealed nuclease activity at positions identical to those of the major competence-specific nuclease activities which were previously implicated in the entry of donor DNA during transformation (14, 22) . These results indicated that in B. subtilis the polypeptides involved in DNA binding and entry are associated into a multifunctional protein complex.
The purpose of the present experiments was to increase our understanding of the role of polypeptides a and b and the 75,000-dalton complex in transformation by correlating in vitro properties of these proteins with knowdl phenomena associated with the early steps in transformation of B. subtilis.
MATERIALS AND METHODS
Strains. The strains used were all derivatives of B. subtilis 8G-5 (1). Stocks of bacteriophage SPP1 were from our laboratory collection.
Media. Minimal medium and starvation medium used in the competence regimen were as desctibed previously (1 Preparation of competent cultures and transf procedures used for the preparation of compi and transformation were as described previou Purification of the 75,000-dalton protein polypeptides a and b. The procedure used 75,000-dalton protein complex was as describ (21) . Samples containing the purified 75,000-dz were separated into subunits on two-dimensi4 polypeptides a and b were extracted from described previously (22) .
Polyacrylamide gel electrophoresis. Slab gel sis of proteins was done basically by the methc (10) , and two-dimensional gel electrophoresis the method of O'Farrell (15) . Details were previously (20) . Proteins in the gels were CoQmassie brilliant blue or with silver, as de ously (21 of the reaction mixtures, as described previously (21) (21) . DNA binding was measured as the effect of the proteins on the mobility of DNA in a and b. Culpolyacylamide gels, as described previously (21).
medium conlast 2 h of the RESULTS eplaced by 10 Peptide mapping of the separated polypeptides a and b. To ivity, 800 Ci/ investigate the possibility that the complexed polypeptides a Mass.). Mem- and b are related, for example, that b is a degradation ed competent product of polypeptide a, both potypeptides were isolated nples containfrom two-dimensional gels and subjected to limited separated on proteolytic digestion. The degradation products of (20) . The popolypeptides a and b were completely different ( patterns resulted from different conditions during proteolysis was excluded by the observation that unlabeled bovine serum albumin, added as control protein, was digested to the same extent in the samples containing polypeptide a and polypeptide b (Fig. 1, lanes 1 and 2) .
Analysis of macromolecular degradation products produced by polypeptide b. To investigate the possibility that the conversion of double-to single-stranded segments observed during DNA entry in transformation of B. subtilis (23) could be carried out by polypeptide b, HaeIII-linearized 3H-labeled plasmid pC194 DNA was incubated with polypeptide b in the presence or absence of polypeptide a. Macromolecular DNA breakdown products were analyzed on BNDcellulose columns, on which completely double-stranded DNA can be separated from double-stranded DNA containing single-stranded regions (5) . Incubation with polypeptide b alone resulted in the disappearance of almost all of the entirely double-stranded DNA (Fig. 2) . In this case, a large fraction (41% of the input radioactivity) became acid soluble. The remainder eluted from the column at positions characteristic for double-stranded DNA containing single-stranded regions to various degrees. In contrast, in the presence of polypeptide a, only 6% of the input radioactivity was rendered acid soluble under the conditions described in Fig. 2 .
The reduced level of acid solubilization resulted in an increased fraction of high-molecular-weight double-stranded DNA containing single-stranded regions. The degree of single-strandedness of these molecules was on the average less than that of molecules obtained with polypeptide b alone. In a similar experiment, in which the amount of polypeptide a was doubled (results not shown), the DNA fraction containing partially single-stranded DNA was increased in comparison with the results presented in Fig. 2 . These results indicated that polypeptide b was able to generate single-stranded regions in double-stranded DNA and that the level of this activity was reduced by polypeptide a.
Analysis of the acid-soluble DNA degradation products produced by polypeptide b. During entry into competent B. subtilis cells, acid-soluble donor DNA products are released into the medium (3, 6) . These breakdown products consist of a minority of oligonucleotides and a majority of mononucleotides, nucleosides, and free bases. To study whether a similar pattern of acid-soluble degradation products was generated by polypeptide b, 3H-labeled chromosomal DNA was incubated with polypeptide b and the acidsoluble degradation products were analyzed by chromatography on Sephadex G-15. The results (Fig. 3) showed that all the acid-soluble degradation products eluted before the reference mononucleotide (thymidylic acid) and therefore consisted exclusively of oligonucleotides. Qualitatively similar results were obtained with polypeptide b in the presence of polypeptide a (results not shown).
Effects of polypeptides a and b on single-and doublestranded DNA. In S. sanguis and S. pneumoniae the entered single-stranded donor DNA is complexed to a small, competence-specific protein (11, 17, 18) , which renders the DNA resistant to digestion by several nucleases, including the pneumococcus endonuclease involved in DNA entry (12) . To analyze whether polypeptide a fulfils a comparable function, we investigated (i) the DNA-binding properties of polypeptide a and of the native 75,000-dalton protein complex to single-stranded DNA and (ii) the ability of polypeptide a to protect DNA against digestion by DNase I and micrococcal nuclease. The results demonstrated that the complex reduced the mobility of single-stranded DNA in polyacrylamide gels (Fig. 4, lane 2) at least as efficiently as of double-stranded DNA (Fig. 4, lane 7) , indicating similar binding activities for single-and double-stranded DNA. On the contrary, separated polypeptide a (Fig. 4, lane 3) and the mixture of polypeptides a and b (Fig. 4, lane 5) did not show detectable levels of DNA binding to single-stranded DNA. These results were confirmed by the observation that on sucrose gradients no cosedimentation of 35S-labeled polypeptide a and the mixture of labeled polypeptides a and b with 3H-labeled DNA could be detected (results not shown). Table 1 shows the effect of polypeptide a on the nuclease activity of polypeptide b, DNase I, and micrococcal nuclease. The amount of acid-soluble products generated from double-stranded DNA by polypeptide b was considerably reduced (from 35.7 to 1.6%) in the presence of polypeptide a. As observed previously (21) , polypeptide b had almost no effect on single-stranded DNA. In contrast to the inhibiting effect on polypeptide b, the activities of DNase I and micrococcal nuclease on both double-and single-stranded DNA were significantly stimulated by polypeptide a.
The effects of polypeptide a on various nucleases as described above were also demonstrated by analyzing the macromolecular products generated from double-stranded plasmid DNA. Plasmid pC194 DNA, which was extensively degraded by polypeptide b, was much less extensively degraded in the presence of polypeptide a (results not shown). On the contrary, the plasmid, which was only slightly nicked by DNase I, became extensively degraded in the presence of polypeptide a. Qualitatively similar, but to a lesser extent, was the effect of polypeptide a on micrococcal nuclease.
DISCUSSION
The present results showed that polypeptides a and b of the 75,000-dalton protein complex in B. subtilis were distinct proteins. A role of the 75,000-dalton protein complex in DNA entry during transformation in B. subtilis was suggested by the present and previous observations. First, the absence of polypeptide a in DNA-binding-deficient mutants suggested the involvement of this subunit in DNA binding (20) (21) (22) . In agreement with this idea, the present results showed a strong DNA-binding activity of the native 75,000-dalton protein complex for both double-and single-stranded DNA. The observation that neither polypeptide a alone nor the mixture of a and b showed DNA-binding activity toward double-or single-stranded DNA was surprising. A possible explanation is that the quantities of separated polypeptides that could be extracted from the gels were too low to be detected in the binding assays used. An alternative explanation is that polypeptide a has to associate with polypeptide b in the native 75,000-dalton complex to obtain the appropriate conformation for DNA binding. Second, the nuclease activity associated with polypeptide b was identical to the competence-specific nuclease activity involved in DNA entry in B. subtilis (14, 22) . Further support for the involvement of polypeptide b in DNA entry was given by the present result that single-stranded regions were generated in doublestranded donor DNA in vitro. This strongly suggested that the entered single-stranded donor DNA fragments observed in transformation of B. subtilis (for a review see reference (3, 6) , acid-soluble oligonucleotides were produced from double-stranded DNA. Conceivably, the mononucleotides, nucleosides, and free bases which during transformation are released into the medium with the oligonucleotides result from secondary reactions by enzymes that are different from polypeptide b and are not necessarily essential for transformation.
Shortly after entry in S. pneumoniae, S. sanguis, and B. subtilis, the single-stranded donor DNA is associated with cellular proteins (eclipse complex; 11, 12, [16] [17] [18] . It has been pointed out that the single-stranded binding proteins might fulfil a dual function (7, 12) The results and considerations presented in this and previous papers can be summarized in a tentative model for the processes of DNA binding and entry during transformation in B. subtilis. In competent cells the tetrameric 75,000-dalton protein complex is located in the cellular membrane (21) . The presence of divalent cations results in nicking of one strand, presumably at or close to the sites of binding. Since polypeptide a did not show any nuclease activity, it is assumed that polypeptide b induces the initial nick. Evidence for this activity of polypeptide b was shown previously (21) . The initial single-stranded break will be followed by a second break. Since binding fixes the donor DNA relative to the nuclease subunit b, the second break can only be introduced opposite, or nearly opposite, the first break. The action of polypeptide b on one of the strands produces oligonucleotides. At the same time, the complementary strand enters the cell.
This model shows many similarities with the model proposed for DNA binding and entry in S. pneumoniae (7) . One difference is that in S. pneumoniae the initial single-and double-stranded breaks are supposed to be introduced by different enzymes. Another difference concerns the specificity of the entry nucleases. The entry nuclease of B. subtilis is specific for double-stranded DNA, whereas the S. pneumoniae entry nuclease is also active on single-stranded DNA (7) . Therefore, once a segment of single-stranded DNA has been formed in B. subtilis, it will be resistant to polypeptide b. In S. pneumoniae the entering single-stranded DNA may require protection against the entry nuclease, for example, by the single-stranded binding protein observed in this organism (11, 12) .
